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FORMULATION OF ANALYSIS PROBLEM 

For an axisymmetric body immersed in a propfan slipstream, or a jet, the 
effect of freestream nonuniformity must be accounted for to calculate the wave 
drag in a transonic flow. Since the flow field is rotational, in the present 
approach a rotation function (F) and a velocity function (41) are introduced in 
Euler's equations to result in a governing equation which is similar, in 
mathematical structure, to a full-potential equation as shown in figure 1 
(refs. 1 and 2). The equation is solved with the algorithm of reference 3. 
Following reference 3,  the equation is cast in curvilinear coordinate systems 
with a body-normal coordinate system covering the front portion and a sheared 
cylindrical system used in the aft. The rotation function is calculated 
through Crocco's relation. In figure 1, only the equation in body-normal 
coordinates is shown. Details can be found in reference 2. 

Equation in Body Normal Coordinates: 

+ [:: -sine ' + ( 1 - - ::) cos0 J FT Fg - [:: - cos0 + ( 1 - - ::) sine ] F, = 0 

Velocity Components: 

u = - $  1 + ( l + F ) c o ~ O  v = $,, - ( 1  +F)sin9 
H C  

Crocco's Relation for the Rotation Function: 

F + F case = 
H S q  

To = Stagnation temperature Po = Stagnation pressure 

Figure 1 
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DESIGN FORMULATION 

The analysis program is coupled with the CONMIN optimizer (ref. 4) to 

To reduce the number of 
design an axisymmetric body for minimal wave drag. 
specified maximum thickness and a tail thickness. 
design variables, the shape is represented by a modified Fourier series with 
its coefficients being the design variables (fig. 2). 

The constraints include a 

Objectlve Functlon to be Mlnlmlzrd: 
OBJ = -O.l/(O.OOl + C, ) 

W 

Constraints: 
G(1) = 10(rmax/ r,, -1) < 0 

G(2) = lO(1 - I,,,/ rn) c 0 

G(3) = rle/ r,, -1 c 0 
G(4) = 1 - rle/ rn c 0 

where r,,, 5,  tu, and tp are the specified upper and lower bounds of maximum thickness 
and the tail thickness, respectively 

Body Shape Representation: 
1. Rounded Nose and Tail 

2. Rounded Nose only 

Figure 2 
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DESIGN ALGORITHM 

-- 

The design process  i s  s t a r t e d  by i d e n t i f y i n g  t h e  design va r i ab le s  from 
t h e  input  shape through a Four ie r  ana lys i s .  By per turb ing  the  design 
va r i ab le s  (i.e., t he  Four ie r  c o e f f i c i e n t s )  one a t  a time, g rad ien t s  of t h e  
ob jec t ive  func t ion  and c o n s t r a i n t  equat ions  can be ca lcu la ted .  To reduce the  
computing t i m e ,  t he se  g rad ien t  c a l c u l a t i o n s  are made with a small change in 
t he  design var iab les .  Typica l ly ,  t h e  change ( t o  be c a l l e d  the  s t e p  size) i s  
taken t o  be 0.1% - 0.5% of each des ign  v a r i a b l e ,  but  not  less than 
0.00035 - 0.0005. These g rad ien t s  a r e  a l l  ca l cu la t ed  with the  same s t a r t i n g  
Qvalues .  These +-values are updated i f  the  design is  f e a s i b l e  ( f i g .  3). 

Calculate Gradients for 
Objective Function and + 

Constraints from the 
same @'s . 

I I Identify Initial Design Variables 

Search for Optimal Design I (CONMIN) 

Yes Check Convergence -4 and 
Iteration Limits 

J. No 

Feasible 
1 

Step Size 

Figure 3 
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SUMMARY OF SOME OPERATIONAL EXPERIENCE 

1. To reduce t h e  computing time, an improved design was chosen by comparing 
a l l  ca l cu la t ed  r e s u l t s  a t  t he  same numerical accuracy. That is ,  i n  
a n a l y s i s ,  convergence t o  a very small r e s i d u a l  was not demanded. 
In s t ead ,  eva lua t ion  of a l l  g rad ien t s  was based on convergence t o  the  same 
maximum res idua l .  
g rad ien t  c a l c u l a t i o n  were the  same. 
only when t h e  design has improved. 

A l l  s t a r t i n g  values  of t he  v e l o c i t y  func t ion  ($1 f o r  
The v e l o c i t y  func t ion  was updated 

2. Typica l ly ,  2 t o  3 i t e r a t i o n s  were performed i n  each run t o  allow manual 
adjustment i n  s t e p  s i z e  f o r  grad ien t  evaluat ion.  I f  t h e  des ign  was not  
improved, t h e  s t e p  s i z e  should be reduced. For t h i s  purpose, t he  
s o l u t i o n  was always saved i n  a f i l e  f o r  poss ib l e  re-use. 

3. Since a smooth input  shape was h ighly  des i r ab le ,  i t  was found 
advantageous t o  Fourier-analyze t h e  input  shape s e p a r a t e l y  and then use  
t h e  r e s u l t i n g  Four ie r  c o e f f i c i e n t s ,  or modified va lues  i f  des i r ed ,  t o  
genera te  a s t a r t i n g  shape with more de f in ing  coord ina te  poin ts .  

4. A l l  design exe rc i se s  have been achieved with 81 x 81 g r i d  points .  
Attempt with 41 x 41 g r i d  poin ts  has  not  been successfu l .  
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DESIGN OF AN AXISYMMETRIC BODY WITH A FINENESS RATIO OF 8.33  
IN A NONUNIFORM FLOW 

-0.10 

-0.1 5 

The initial shape was assumed to be given by the NACA-0012 contour. Six 
design variables (A,) were used. The tail thickness was constrained to be 
between 0 and 1%. The Mach number in the external flow was 0.98, and that 
over the body was 0 .995 .  
nose radius and lncreaslng the thickness in the aft portion would reduce the 
wave drag (c  

The results in figure 4 indicated that reducing the 

) by 29%. 
d W 

L - - - 
- - - 

I I  I I I  I 1 1  I I 1 1  I I I 1  I I I ]  

0.1 5 

0.1 0 

0.05 

Q1 2 0.00 

-0.05 

Figure 4 
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DESIGN OF AN AXISYMMETRIC BODY WITH A FINENESS RATIO OF 5.0 
IN A TRANSONIC UNIFORM FLOW 

The i n i t i a l  shape was generated from the  NACA-0020 contour. The 
f rees t ream Mach number was 0.925. 
was 0.1% of the  des ign  v a r i a b l e s  with a minimum change of 0.0005. The results 
i n  f i g u r e  5 showed t h a t  t o  reduce t h e  wave drag,  t he  pressure  peak i n  t h e  nose 
reg ion  must be reduced. 
decreased. 

The s t e p  s i z e  used i n  g rad ien t  eva lua t ion  

As a resu l t ,  t he  shock s t r e n g t h  could a l s o  be 
A reduct ion  i n  wave drag by 41% was achieved. 

-0.5 r 

Original (C, W = 0.03975) 

--- Design ( c d  = 0.02343) 
W 

c 
1.5 1 
0.0 0.2 0.4 0.6 0.8 1 .o 

XlJ 

Figure 5 
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DESIGN OF AN AXISYMMETRIC BODY WITH A FINENESS RATIO OF 5.0 
IN A TRANSONIC UNIFORM FLOW 

- 
- 
- 
- 

The f i n a l  body shape g iven  i n  f i g u r e  6 i n d i c a t e d ,  aga in ,  t h a t  t o  reduce 

F u r t h e r  improvement could be made only i f  a l a r g e r  t a i l  
t h e  wave d r a g ,  t h e  nose r a d i u s  should be reduced and t h e  maximum t h i c k n e s s  
l o c a t i o n  moved a f t .  
t h i c k n e s s  was allowed. 

0.15 F Original 
Design --- E 

0.10 

0.05 

2 0.00 

-0.05 

-0.1 0 

Figure 6 
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DESIGN OF AN AXISYMMETRIC BODY WITH A FINENESS RATIO OF 5.0 
I N  A TRANSONIC NONUNIFORM FLOW 

The i n i t i a l  shape was aga in  generated with the  NACA-0020 contour. The 
f rees t ream Mach number var ied  from 0.90 away from t h e  body and a 0.95 near t h e  
body, with an average of 0.925. The step s i z e s  i n  grad ien t  eva lua t ion  used 
ranged from 0.1% a t  the  beginning t o  1%. The f i n a l  value used was 0.5%. It 
was found t h a t  i f  t h e  s t e p  s i z e  was g r e a t e r  than 0.5%, l i t t l e  improvement 
could be made. The r e s u l t s  in Figure 7 showed t h a t  t h e  change i n  shape 
success fu l ly  reduced the shock s t rength .  The wave drag was reduced by 65%. A 
l a r g e r  drag reduct ion  was poss ib le  i n  t h i s  case perhaps because t h e  e x t e r n a l  
Mach number was lower than t h a t  i n  f i g u r e  5. 
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Figure 7 
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DESIGN OF AN AXISYMMETRIC BODY WITH A FINENESS RATIO OF 5.0 
IN A TRANSONIC NONUNIFORM FLOW 

- 
- - - 

I I l l  I I  1 1  I I  I I 1 1  I I  I 1  

Again, a favorable shape was one with a reduced nose radius and a thicker 
Further change was d i f f i c u l t  because of the a f t  portion as shown i n  f igure 8. 

constraints  of maximum thickness and t a i l  radius. 

Original 
-A- Design 
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Figure 8 
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CONCLUSIONS 

An inviscid transonic code capable of designing an axisymmetric body in a 
uniform or nonuniform flow was developed. The design was achieved by direct 
optimization by coupling an analysis code with an optimizer. 

Design examples were provided for axisymmetric bodies with fineness 
ratios of 8.33 and 5 at different Mach numbers. 
the nose radius and increasing the afterbody thickness of initial shapes 
obtained from symmetric NACA four-digit airfoil contours, wave drag could be 
reduced by 29% for a body of fineness r a t i o  8.33 in a nonuniform transonic 
flow of M = 0.98 t o  0.995. 
5 in a uniform transonic flow of M = 0.925 and 65% for the same body but in a 
nonuniform transonic flow of M = 0.90 to 0.95, 

It was shown that by reducing 

The reduction wae 41% for a body of fineness ratio 
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